Streptomyces coelicolor A3 (2) provides opportunities to use the tools of prokaryotic genetics to address questions about multicellular differentiation. Mature colonies contain a substrate mycelium, some parts of which continue to accumulate biomass, while others senesce; this supports, both mechanically and nutritionally, an aerial mycelium in which the hyphal tips develop into chains of spores (53) . Sporulation of the initially virtually aseptate aerial hyphae involves their subdivision by specialized septation into many small compartments containing single genomes, each compartment going on to form a spore (54) . At least eight chromosomal loci are specifically required for formation of grey spores from white aerial hyphae (7) . These are termed whi loci because mutations in them cause the aerial mycelium to remain white on prolonged incubation (24) . One of them, whiG, appears from its sequence to encode an RNA polymerase sigma factor, whiG (10) . Because increased, and even ectopic, sporulation resulted from increases in the copy number of the intact whiG gene, but not of a whiG gene carrying a small internal deletion, it seemed likely that crwhiG was present in limiting amounts (10) .
Ci ishparticularly similar to two other bacterial sigma factors, e of Bacillus subtilis (20) and o1' of coliform bacteria (1, 39) , both of which interact with core RNA polymerase to activate the promoters of genes concerned with motility and chemotaxis (reviewed in reference 19) . The similarities are particularly obvious in regions 2.4 and 4.2, believed by analogy with experiments on other sigma factors (12, 17, 29, 46, 52, 57) to recognize, respectively, the -10 and -35 sequences of cognate promoters (8, 10) . This suggested that WhiG-dependent promoters might show features resembling the consensus sequences for &e-and o-Fdependent promoters (1, 18, 19) . In a first attempt to investigate this possibility, a B. subtilis DNA fragment containing a o&D-dependent promoter, P28-1 (18) , was introduced on a high-copy-number plasmid into S. coelicolor, where it was found to inhibit sporulation in aerial hyphae (10) . This was consistent with recognition of P28,1 by the or iG form of RNA polymerase, which was presumed to be present in limiting amounts and which was therefore effectively sequestered from its natural targets, the promoters of sporulation genes (10) , an explanation similar to that used to explain the inhibition of sporulation in B. subtilis by multiple copies of a sporulation-specific promoter (58) .
In this study, we built on these preliminary results by using the phenomenon of multicopy inhibition of sporulation to screen for WhiG-dependent promoters in a library of small fragments of S. coelicolor DNA. As a result, two putative promoters of this type were characterized. These can be expected to help future in vitro studies of &whiG and to lead to an understanding of how crIiG-dependent genes exert their developmental effects.
MATERIALS AND METHODS
Bacterial strains and plasmids. The host for many of the experiments was S. coelicolor A3(2) derivative J1501 (hisAl uraAl strAl SCP1-SCP2-, 4C31 sensitive [Pgl-], morphologically wild type; reference 9). Strain C71, carrying the whiG71 mutation, was derived directly from wild-type S. coelicolor A3(2) by mutagenesis (7, 24) . Strain J1820 carried 934 TAN AND CHATER the whiG71 mutation but was otherwise isogenic with J1501 (36) . DNA was cloned from M145, an SCP1-SCP2-derivative of wild-type S. coelicolor A3(2) (23). The vector for Streptomyces strains was pIJ4083 (11) . This high-copynumber plasmid contains the tsr gene (which confers thiostrepton resistance) for vector selection and a multiple cloning site located upstream of the promoterless xylE reporter gene (26, 59 ) and downstream of a transcriptional terminator. Sequencing studies were done by using the Bluescript M13+ and M13-vectors (Stratagene) in Escherichia coli JM101 (55) . Single-stranded DNA was obtained by using helper bacteriophage M13KO7 (50) . General microbiological and molecular methods and culture conditions were as previously described for Streptomyces spp. (23) and E. coli (42) .
Phenotypic analysis of S. coelicolor transformants. Phenotypic analysis of S. coelicolor transformants was done on suitably supplemented minimal medium (MM; reference 23) which always contained 0.5% mannitol instead of glucose as a carbon source and thiostrepton (7 pg/ml, a concentration low enough to avoid inhibition of development but high enough to maintain selection for the vector). Expression of thexylE reporter gene was determined by spraying 4-day-old colonies or patches with 0.5 M catechol (26) . Yellowness (the Ylo+ phenotype), associated with production of 2-hydroxymuconic semialdehyde, was visible after 5 to 10 min and continued to develop for about 1 h. Colony color (white or grey aerial mycelium) was examined by eye, and aerial hyphal morphology was determined by phase-contrast microscopy of impression preparations (7) .
RNA isolation. RNA was isolated from cultures grown at 30°C on sterile dialysis membrane discs laid on suitably supplemented MM plates. For the earliest time samples, it was necessary to use 50 plates to obtain sufficient biomass. About 108 CFU were inoculated per plate. At the stated times, cultures were scraped into 25-ml screw-cap bottles containing 5 ml of an ice-cold modified Kirby mixture and 14 g of glass balls (3.5 to 5.0 mm in diameter) (23) . The contents were vortexed for 2 min before being processed by a method (23) modified from that of reference 31. RNA quality was checked by agarose gel electrophoresis, followed by ethidium bromide staining. In all of the experiments described, there was little or no evidence of rRNA degradation. S1 mapping. Analysis of RNA-DNA hybrids by S1 nuclease was based on the procedures of Favoloro et al. (16) and Sharp et al. (44) , modified as described in reference 4. Samples (50 ,ug) of RNA (estimated spectrophotometrically) were hybridized to suitable DNA probes (labelled at one 5' end with [(y32-P]ATP) and exposed to S1 nuclease (200 U) before analysis by polyacrylamide gel electrophoresis and autoradiography. For low-resolution studies the size standards were radiolabelled HpaII digests of pBR322, and for high resolution the size standards were sequence ladders obtained by the Maxam-Gilbert chemical cleavage method (34) on the DNA probe used for S1 mapping.
DNA sequencing. Primary DNA sequencing was carried out by the chain termination procedure using the Klenow fragment of DNA polymerase 1 (43) . Templates were singlestranded DNAs obtained from Bluescript M13+ or M13-derivatives. A universal primer was used. The sequencing reaction mixtures used 7-deaza-dGTP in place of dGTP (37) . For the larger insert, a nested deletion series was obtained by treatment with exonuclease III (21 [PTH270])-
RESULTS
Cloning of two S. coelicolor DNA fragments that give whiG-dependent activation of a transcriptional reporter gene. A partially sporulation-deficient, white-colony phenotype had resulted when morphologically wild-type S. coelicolor J1501 contained multiple copies of a B. subtilis promoter presumptively recognized by the uwhiG form of the RNA polymerase holoenzyme (10) . This provided a potential route to the identification of naturally whiG-dependent promoters. A library of Sau3AI fragments of S. coelicolor DNA was therefore cloned in high-copy-number plasmid pIJ4083 and introduced into J1501. The position of the BamHI site used for cloning also allowed detection of promoter activity by activation of the xylE reporter gene.
About 1,000 thiostrepton-resistant transformant colonies were replica plated from the primary transformation plates to MM-mannitol containing a low concentration (7 pg/ml) of thiostrepton. This medium was chosen for several reasons. Unlike the R2YE medium used to regenerate transformed protoplasts, it had no intrinsic yellowness; colonies developed other-potentially interfering-pigments more slowly on MM than on R2YE; and the whiteness of the aerial mycelium of sporulation mutants is particularly clearly distinguished from the greyness of wild-type sporulating colonies on this medium. Twenty-four independent colonies became yellow (the Ylo' phenotype) after being sprayed with catechol. Of these, five colonies appeared to have white aerial mycelium. On further tests, three of the five showed general growth defects, so only the remaining two were selected for further study. Plasmids pIJ4470 and pIJ4471, which were isolated from these two strains, contained DNA inserts of about 0.25 and 0.8 kb, respectively. Both plasmids conferred a white-colony, Ylo+ phenotype when reintroduced into S. coelicolor J1501 (Fig. 1) .
If the cloned promoters depended on the whiG gene product for expression, they would not be expressed in a whiG mutant. This was the case for the promoters cloned in pIJ4470 and pIJ4471: when these plasmids were introduced into J1820 (a whiG71 derivative of J1501) or C71 [a whiG71 derivative of the wild-type A3(2) strain] no yellowness was detectable after spraying with catechol.
Nucleotide sequences of the putative whiG-dependent promoters. To allow further characterization of the two apparent promoters, the nucleotide sequences of the inserts in pIJ4470 and pIJ4471 were determined (Fig. 2) . The principal features of the sequences were as follows.
(i) pU4470. The 233-bp sequence was typical of Streptomyces DNA in that it contained 74% G+C. The sequence appeared to contain the junction between two translationally coupled ORFs, each reading from left to right and truncated by the Sau3AI sites used in cloning (Fig. 2a) . The likely ATG start codon (nucleotides [nt] 91 to 93) of the second ORF, which showed a 2-nt overlap with the TGA stop codon of the first ORF, was separated by 7 nt from the upstream sequence GGAGG, which is typical of ribosome-binding sites (48 (iii) Dependence on whiG. No signal was detected with the appropriate probes in S1 mapping of RNA isolated from 48-h surface-grown cultures of whiG71 mutants containing pIJ4470 or pIJ4471 (C71/pIJ4470, C71/pIJ4471, and J1820/ pIJ4470 were tested; Fig. 4a and b) , indicating that neither the cloned promoters nor their chromosomal copies were transcribed. This was consistent with the failure of the two plasmids to confer a Ylo+ phenotype on C71.
(iv) S1 mapping of RNA from plasmid-free S. coelicolor. It was possible that the observed promoter activities were artifacts resulting from insertion of the DNA fragments into the unnatural context of pIJ4083. This was ruled out by the finding that RNA from J1501 lacking introduced plasmids (48 h, surface grown) gave the same protected DNA species as RNA from the plasmid-bearing derivatives ( Fig. 4a; results not shown for the other probe).
Sequence features of the regions upstream of the two transcription start points. High-resolution mapping of the 5' ends of the transcripts (Fig. 5) PTH270 gives rise to a transcript lacking the predicted ATG start codon (Fig. 2b) . This apparent anomaly is discussed below.
DISCUSSION
The results presented here are consistent with a model in which the two cloned DNA fragments contain promoters-PTH4 and PTH270-that are recognized by an RNA polymerase holoenzyme containing a sigma factor specified by whiG. Rigorous proof of this will probably require in vitro studies. Nevertheless, the circumstantial evidence is strong and consists of the following. (i) The deduced whiG gene product is about 40% identical to two other known sigma factors, 0P of B. subtifis and J-' of enterics (10, 20, 39) . (ii) The amount of the whiG gene product appears to be a limiting factor for initiation of sporulation (10, 36) . A sporulation-deficient phenotype was caused by a high copy number of a small DNA fragment containing a &r-dependent promoter, P28-1, of B. subtilis (10, 18 sporulation of S. coelicolor was even more marked when it was placed on an ultrahigh-copy-number plasmid (49) . (iii) Two small DNA fragments from S. coelicolor, both containing apparent promoters with sequences resembling those of -and or-dependent promoters, inhibited sporulation of S. coelicolor when introduced on a high-copy-number plasmid. There was no perceptible inhibition of vegetative growth. (iv) The S. coelicolor DNA fragments containing the latter two promoter-like sequences activated the xylE reporter gene in a whiG+ S. coelicolor strain but failed to do so in a whiG mutant. This was not because of some generalized effect of the whiG mutation on promoter-xylE fusions or on the copy number of pIJ4083 derivatives, because other such fusions are fully active in the same whiG mutant (5, 6) . (v) In surface-grown cultures, the presumptive promoters PTH4 and PTH270 showed little or no detectable activity during early vegetative growth, as revealed by S1 mapping. Their maximum activities were observed when aerial mycelium was abundant. Similar results were obtained by assaying xylE expression in S. coelicolor J1501 carrying pIJ4470 or pIJ4471 (6) . Since whiG mutants show apparently normal vegetative growth but are blocked in the transition of aerial hyphae from continued extension to sporulation septation (7, 35) , it is reasonable to expect this pattern of expression from whiG-dependent promoters.
Could PTH4 and PTH270 be the promoters of known but uncloned whi genes? This is unlikely because of their location on the physical map of the S. coelicolor chromosome (30) . PTH270 is located in DraI fragment G, and PTH4 is in AseI fragment E (30) . Neither fragment is close to the map location of any known whi gene except whiB, which is also in AseI fragment E (30). However, whiB has been cloned and sequenced (13) and subjected to transcription analysis (47), and its two promoters do not correspond to PTH4. Clearly, further cloning and analysis of DNA flanking PTH4 and PTH270 is necessary.
Both putative promoters are unusual in being located within the coding sequences of genes that appear to be translationally coupled to the following ORFs. This suggests in each case that, in other circumstances, an mRNA traverses the whole length of the DNA corresponding to each of the cloned fragments, whereas during aerial mycelium development the downstream ORFs are overexpressed relative to the upstream ones. For example, each fragment may be part of a gene cluster that plays a role both during vegetative growth and in aerial mycelium development. The experiments described here did not reveal unambiguous evidence of transcripts extending right through the cloned DNA, but they were not designed to address this question in a sensitive way. Nevertheless, it is notable that (i) a major cluster of cell division-related genes in E. coli appears to be a complex transcription unit containing several additional internal promoters (41, 56) , an organization also shown by the cell cycle-controlled flaE and flaY flagellar genes of Caulobacter crescentus (28) ; and (ii) an fl-dependent hypBCDE (hydrogenase cluster) promoter of E. coli is within the preceding hypA gene, which is transcribed from an ntrA-dependent promoter as part of a hypABCDE transcript (33) . The apparent transcription start site for PTH270 falls downstream of the overlap between the two ORFs. This suggests that the whiG-dependent transcript may be translated from a start site further downstream-perhaps one of the GUG triplets corresponding to nt 526 to 528 or 595 to 597 (Fig. 3b) . Alternatively, translation could begin at the GUG with which some of the transcripts begin, as has been observed for AUG and GUG codons at the start of several transcripts in Streptomyces spp. (48) . A further possibility is that the partially sequenced ORF is not translated at all from mRNA initiated at PTH270; such transcripts could perhaps be used for expression of an undiscovered ORF further downstream.
Since in this work we are tentatively suggesting a consensus sequence for a class of Streptomyces promoters, a compilation of previously characterized Streptomyces promoter sequences (48) was searched-unaided by computerfor potentially related examples. In particular, the CCGA motif was sought around -15 to -10. The six best matches are shown in Fig. 6 . All of the genes involved are concerned with antibiotic resistance or production. This may be coincidental, since such genes are the most extensively studied in Streptomyces spp., and the sequence similarities may have no functional significance. Nevertheless, it is pertinent to make several comments: (i) there could be specific benefits in maintaining expression of antibiotic resistance genes in aerial hyphae; (ii) for two of the promoters listed, namely, aphp2 and orfp3, transcription was observed in vitro with highly purified RNA polymerase from liquid-grown, stationary-phase cultures (3, 27) ; and (iii) in all cases, transcription from the promoters was studied by using RNAs isolated from liquid-grown, stationary-phase cultures. If awhiG is involved in their transcription, then some whiG expression must occur in these liquid culture conditions. It would be interesting to investigate the expression of these promoters in a whiG mutant and to examine the morphology of S. coelicolor derivatives carrying them in multiple copies.
